Introduction
A bidirectional power flow capability is also a relevant feature for a battery charger of an EV, since it provides some additional features. In addition to the normal battery charging process, known as grid-to-vehicle (G2V) operation mode, it also supports energy injection back to the electrical grid, known as vehicle-to-grid (V2G) operation mode, contributing to the development of the smart grids [6] , [8] . Besides the G2V and V2G operation modes, a bidirectional battery charger can also be used to supply home loads during power outages, or to supply loads in places without connection to the power grid, known as vehicle-to-home (V2H) operation mode [8] .
A battery charger can operate isolated (with galvanic isolation) or non-isolated from the electrical grid. Isolated chargers are preferred for safety reasons, but due to its impact on the vehicles' cost and weight they are usually avoided. Thus, most of the reported integrated chargers are non-isolated [2, 3] .
EVs have different power electronics converters, where the battery charger converter and the motor drive converter are the main converters. Due to the similarities between both, it is possible to join them together in a single power converter. It is important to note that this is only possible knowing that the motor drive and the battery charging operations are not performed simultaneously. This type of solution is identified in the literature as an integrated motor drive and battery charger, or simply as an integrated charger [9] .
An integrated charger aims to reduce the size, number of components and the weight of the power converters in the EV. Ideally, the goal is to have an on-board battery charger without requiring any extra hardware in addition to the components of the motor drive system. Fig. 1 presents a topology that concretizes both of these modes, motor drive and battery charger, in the same power converter. One interesting feature is associated with the compatibility with any electrical machines, with or without access to the neutral point. However, this solution requires a relay for disconnecting the electric machine during the battery charging process. 
Electric Machine
This topology allows the slow EV battery charging, but also is compatible with the fast EV battery charging through an AC three-phase power grid system. One of the main concerns regarding the battery charging operation is its influence on the power quality of the electrical grid. Therefore, the battery charging operation should be performed with unitary power factor and with consumption of almost sinusoidal currents, i.e., with low harmonic content [9, 10] .
The focus of this paper is the operation of an on-board fast battery charger that uses the traction power converter of an EV.
Predictive Control
Classic linear controllers with modulation techniques and nonlinear controllers based on hysteresis comparators are the most widely used in control algorithms. However, the developments achieved over the last years on digital electronics, including digital signal controllers (DSCs), offer more computational power, potentiating the development of new and more effective and complex control techniques, such as the model predictive control (MPC) [11] .
In [12] is propose a type of finite control set model predictive control (FCS-MPC), mentioned as direct power control based on model predictive control (DPC-MPC), for controlling a boost AC-DC converter. The dynamical model of the three-phase boost AC-DC converter is shown in equation (1) and the derivative is described in equation (2), where, vs(t) is the power grid voltage, vR(t) is the voltage across the internal resistance of the inductor, vL(t) is the voltage across the inductor, vin(t) is the input voltage in converter, Rs(t) is the internal resistance of the inductor, and is(t) is the grid current.
Using the forward Euler approximation, the derivative of the current is approximated to equation (3), and thus the input predicted current (is) is discretized for a sample period Ts, resulting in equation (4), where Ls is the inductance of the extra inductor.
To accommodate all the three-phase components of the system, the input currents and voltages are defined as space vectors, according to equation (5) and equation (6) respectively, where
The voltage vin is dependent on the switching state of the power electronics converter and the voltage of the DC-bus. In this case, [12] propose to define vin as a space vector according to equation (7), and the value of S is defined according to equation (8) , where Sa, Sb and Sc are the switching states of each leg of the converter.
Considering the space vector definitions used for the voltage and current values, the predicted values for the instantaneous real power (p) and imaginary power (q) are defined according to equation (9) and equation (10), respectively.
Using a high sampling frequency, it can be used the approximation defined by:
The MPC is based in the control of the instantaneous powers p and q and thus, in [12] is proposed a cost function g defined according to: (12) In real-time applications it is not possible to measure variables, predict their future values and apply the respective control action at the same instant. Thus, it is not correct to determine the predicted values considering that it is possible to apply the desired switching state at the same instant. Hence, to avoiding errors with the predictions, a delay in the predictive model has to be considered, resulting in a two-stepahead prediction [12, 13] .
Since the selected voltage can only be applied at the next step (k+1), it is necessary to predict the current obtained as consequence of the select switching state, i.e., the current at (k+2). This current is obtained by shifting equation (4) one step forward, resulting in: (13) Thus, first time of is(k+1) is calculated using equation (4), considering the current and voltage measured and the value of vin obtained as consequence of the switching state selected in the previous sampling. Then, the obtained predicted current uses the equation (13) .
In this paper, it is used the cost function:
The cost function includes a third component, with the purpose of overcoming the high frequency components around the commutation frequency. Before computing the cost function result, the control system checks if the switching state under analysis is equal to the last selected switching state. If it is equal, the value of C in equation (15) is set to 1, otherwise the value of C is set to 0. The parameter λ defines the weight of this component in the cost function. Fig. 2 describes the MPC algorithm to perform the fast EV battery charger. 
Three-phase Grid

Simulation Results
This section presents the main simulation results obtained to validate the model predictive control applied to a fast EV battery charger during the G2V operation mode. The simulations stage is a process of great importance, since it allows the anticipation of some problems that might occur in a real implementation. Hence, it contributes to the optimization of the time required for the development, as well as to reduce the financial resources required. The simulation results were obtained with the simulation software PSIM v9.0.
Grid-to-Vehicle Operation without Reactive Power Compensation
This section presents the simulation results considering an instantaneous real power reference (pref) of 15 kW and an instantaneous imaginary power reference (qref) of 0 kVAr. Fig. 3 (a) shows the obtained results of the instantaneous real power (p) and the instantaneous imaginary power (q), and the respective references (pref) and (qref).
On the other hand, the obtained waveforms of the power grid voltages (va, vb and vc) and the grid currents (ia, ib and ic) are shown in Fig. 3 (b) . The measured RMS values, THD values and Power Factor of the grid currents are presented in Table 1 . 
3.2
Grid-to-Vehicle Operation with Reactive Power Compensation
This section presents the main simulation results performed with a reference of the instantaneous imaginary power (qref) different from 0, i.e., the fast EV battery charger operates as a reactive power compensator. The reference of the instantaneous real power (pref) is set to 15 kW. To evaluate the dynamic response of the charging system as a reactive power compensator, the reference of the instantaneous imaginary power (qref) is defined to be -10 kVAr from the instant t = 0 s and 10 kVAr after the instant t = 0.5 s.
The obtained results of the instantaneous real power (p) and the instantaneous imaginary power (q), and their respective references (pref and qref), are presented in Fig. 4 (a) , while the obtained waveforms of the power grid voltage in phase a (va) and the grid current also in phase a (ia), are presented in Fig. 4 (b) . As expected, the instantaneous imaginary power follows its reference without sudden variations, demonstrating the fast dynamic response of the model predictive control. 
System Implementation
The developed laboratorial prototype can be divided in two main parts, the power converter and the digital control. The power converter is composed by a three-phase AC-DC power inverter and by a DC-DC. This converter is composed by four IGBTs legs, and it is used as EV motor drive or as fast EV battery charger. On the other hand, the digital control is composed by several circuits, predominantly by the DSC (TMS320F28335), the signal conditioning circuit (where is used an analog-to-digital converter to convert the signal from the sensors to the DSC), and the IGBTs gate drivers. The digital control is isolated from the power converters through hall-effect sensors and IGBTs gate drivers. The power converter and the digital control of the developed laboratorial prototype are presented in Fig. 5 . 
Experimental Results
This section presents the main experimental results obtained with the developed laboratorial prototype. The experimental results were obtained with the developed laboratorial prototype connected to the power grid with a nominal voltage of about 75 V and a frequency of 50 Hz. The first experimental results were obtained for an instantaneous real power (pref) of 1200 W and an instantaneous imaginary power (qref) of 0 VAr. Fig. 6 (a) shows the obtained results of the grid currents (ia, ib and ic), as well as the voltage in DC-bus (vDC). On the other hand, Fig. 6 (b) shows the experimental results of the power grid voltage (va) and the grid current (ia). The harmonic spectrum and the RMS value of the grid current for the phase a (ia) are presented in Fig. 7 . 
Conclusions
This paper presents an on-board fast battery charger for electric vehicle (EV) based on a model predictive control (MPC) algorithm. The obtained simulation results allow validating the proposed control algorithms for the fast EV battery charger. The MPC permits to control the instantaneous real power (p) and the imaginary power (q) exchanged between the electrical grid and the EV battery charger, based on using a dynamical model of the system in order to predict its future behavior.
It was presented the operation of the EV battery charger with sinusoidal current and high power factor. These characteristics represent an important contribute, increasing the capabilities of the EVs and their potential role in order to improve the power quality of the electrical power grid.
The proposed integrated EV motor drive and EV battery charger applied to EVs contribute to optimize the space, weight and cost of the power electronics components inside the vehicle. The adopted topology allows fast EV battery charger operation, but needs extra inductor filters.
